Introduction
The occurrence of polyhedral virus-like particles (VLP) in Penicillium stoloniferum was first demonstrated by Ellis and Kleinschmidt (967) . co-workers 0968, 1969, 1970) subsequently isolated and purified VLP that contained doublestranded tibonucleic acid (dsRNA). Bozarth 1972 and Bozatih et al. (971) described two serologically distinct viruses having different electrophoretic mobilities from P. stoloniferum NRRL 5267. The fast-moving virus (PsV-F) contains three classes of dsRNA (0.99, 0.89, and 0.23 x 10 6 dalIThe mention of firm names or trade products does not imply that they are endorsed or recommended by the U.S. Department of Agriculture over other firms or similar products not mentioned. 2 tons) and the slow-moving virus (PsV-S) contains two classes of dsRNA 0.1 and 0.94 x 10 6 daltons). Detroy and Still (975) showed PsV-F replication parallels host RNA, DNA, and protein synthesis.
Studies of in vivo virus replication have been primarily concerned with virus or viral dsRNA yields in the presence of fungal metabolites or antiviral compounds , or from mycelia exposed to. thermotherapy or to UV light . However. definitive studies on the in vivo replication offungal viruses have been hindered by the lack of a defined medium in which to grow the fungus.
Most fungal virus-production studies to date have employed modified corn steep liquor media, which contains low glucose, peptone, and yeast extract levels (Stark et al. 1963) . Previous studies have also used less complex, but still nondefined media (Detroy et al. 1973 : Hollings and Stone 1969 Still et al. 1975) . We de- scribe here the effects of different (C-N) sources and levels on the growth of P. stolonzferum and replication ofPsV-F and PsV-S.
Methods

Cultures and Growth Measurements
The virus-containing strain NRRL 5267 and a virus-free strain NRRL 589 of P. stolollijerl/m were supplied by the ARS Culture Collection maintained at the NRRC, Peoria. IL. U.S.A. During our investigations. strains were maintained on malt veast extract (MY-40) slants. Conidia (l06_IO S ) in 0.0 I% Triton-X were used to inoculate 500-ml Erlenmeyer flasks containing yeast extract sucrose medium (YES) composed of 100 ml of 2% (w/v) yeast extract and 15% (w/v) sucrose. For routine propagation ofvegetative mycelium for virus analysis this YES medium was used. For evaluation of virus production in defined media, various C-N sources were used. These were sterilized separately by membrane filtration and added to minimal medium for evaluations.
The minimal medium (MM) contained 50 g glucose. 3 g (NH.hSO•• 10 g KH 1 PO•• 2 g MgSO. ·7H 1 0. 0.5 mg (NH.)6M0701. ·4H 1 0. 0.3 mg Fe1(SO.)3· 6H 1 0. 0.3 mg CuSO.· 5H 2 0. 15.0 mg ZnSO.· 7H 2 0. 1.0 mg boric acid. I1.0 mg MnSO.· 4H 2 0. and I e of distilled water. Amino acids and carbon sources were added to MM before autoclaving. A lOO-fold concentrated vitamin solution. sterilized separately by membrane filtration (Seitz). was added after sterilization of this complete synthetic medium (CSM). Incubation was at 28°C on a rotary Brunswick shaker at 200 rpm. Dry weight biomass was measured after washing the mycelium with distilled water on a Whatman filter and drying for 2 h at 75°C. Flasks were removed at intervals; mycelia were disrupted in a Bronwill cell homogenizer and assayed for virus content.
Preparation and Measurement 0/PsV-F and PsV-S
Mycelia were harvested by vacuum filtration, and then I-g (wet weight) samples were transferred to 75-ml glass Bronwill mechanical cell homogenizer flasks containing 50 ml of O. 1M PO. buffer (pH 7.2) and 45 g of I-mm glass beads. The samples were homogenized for 3 min at 4000 rpm under a CO 2 stream. The homogenates were centrifuged at 8000 g for 10 min to remove cell debris, and the resulting supernatant fluid was centrifuged at 105000 x g for 2 h. The pellet was resuspended in I ml of PO. buffer and centrifuged at 8000 x g for 10 min. The resulting supernatant was then analyzed for virus. All analyses were based on duplicate cultures.
Aliquots of the virus preparation were layered onto polyacrylamide gels (2.4% acrylamide. 0.15% methylene bisacrylamide, and 0.5% agarose) in T AE-SDS buffer (0.09 M Tris, 0.07 M sodium acetate. 0.002i'1'1 EDTA. and 0.5% (w/w) sodium dodecyl sulfate. pH 7.0) prepared essentially as described by Loening (1967) . Electrophoresis was performed for 2 hat 7 rnA per tube at 25°C. A Gilford linear transport system was used to scan the gels at 260 nm. A PsV-F standard curve was prepared because the area under the PsV-F curve shows a linear relationship to the amount ofPsV-F applied between 0.03 and 0.25.4 260 units of standard PsV-F . PsV-F is the predominant virus in P. stolonijerum NRRL 5267. Though the PsV-S occurs at low titers and shows instability. it also was monitored to ascertain its distribution and persistence.
The presence or absence of PsV-S was determined by gel electrophoresis comparisons to a standard preparation containing both viruses. Levels of PsV-S were estimated in A 260 units compared to known quantities ofPsV-F.
Virus in the spent media was determined by a high-speed centrifugation of the medium and further analysis of the viral pellet by gel electrophoresis.
Results
Fungal Growth and Virus Production
Preliminary experiments were conducted to ascertain the effect various carbon and nitrogen sources have upon the growth of the fungal host and the proliferation of virus particles. Table 1 shows the effect of different C sources upon cell biomass and PsV-F yields with N (3% yeast extract) constant. Penicillium stoloniferum biomass yields in 4 days were greatest with sucrose or glucose as energy sources, 4.70 and 2.67 g, respectively. PsV-F levels were also maximal with these C sources. Growth and PsV-F yields on oleic acid were also quite high. Fungal growth and PsV-F replication were minimal with ribose, lactose, and glycerol, while xylose and acetate supported no growth. Table 2 depicts the influence of different N sources upon fungal host proliferation and Ps V-F replication with C (5% glucose) kept constant. As expected, with 3% yeast extract the biomass and the PsV-F yields were 2.83 g and 87.0 A 260 units, Attempts to grow the P. stoloniferulIl NRRL 5267 in a defined medium resulted in reduced biomass. Table 3 indicates growth yields and PsV-F for the fungus grown on a complete synthetic medium (CSM) and a minimal medium (MM) plus selected amino acids. Lysine, histidine, glutamic acid, and aspartic acid all supported fungal growth and virus proliferation similar to yields on CSM alone. Biomass yields on MM plus amino acids ranged from 0.68 to 0.10 g dry weight. The CSM alone yielded the highest biomass and virus, 0.68 g dry weight and 6A 260 units of PsV-F/fiask, respectively. '":\'1 inimal medium is described in the :\1ethods section. Amino acids wcrc incorporated into this medium at 100 mg! (. Experiments were conducted in 300-ml Erlenmeyer flasks containing 100 ml ofmediurn and cultures were incubated at 26:C for 7 days. Inoculum was 1 10 6 conidia{ml of medium.
Nitrogen-Carbon Ratio Influence upon Fungal Biomass and Virus Proliferation
Since preliminary information indicated that the nitrogen and carbon sources influenced both growth and Ps V-F production, further experiments were conducted to measure fungal growth (biomass), PsV-F replication, and pH with varying C-N ratios at 26°C for 5 to 11 days. Experiments were conducted with ammonium succinate and urea (both nonprotein N sources) and with casein hydrolysate (protein N) as N sources plus 0.5, 2, and 10% glucose. Table 4 depicts P. stoloniferulll growth, PsV-F synthesis, and medium pH at various C-N ratios of ammonium succinate and glucose. At varying ammonium succinate concentrations, biomass dry weight was minimal at 0.5% glucose. PsV-F synthesis continued even after further increases in fungal biomass ceased because of the exhaustion of glucose from the medium. Growth and PsV-F synthesis were two-and three-fold greater at 2% glucose at all the ammonium succinate (AS) N levels. Acid production increased also because of utilization of more glucose. At the 10% glucose level, growth rates of biomass yields were comparable to the 2% glucose level at all three levels of AS. PsV-F levels were reduced 28 to 50% after 11 days in fungal tissue in 10% glucose compared to 2% glucose at all N levels.. The PsV-F A 260 units/g dry weight ranged from 4 to 45. The total A 260 units of PsV-F/g dry weight in general increased with decreasing glucose levels. This inverse proportion is due to continued virus synthesis in nongrowing mycelia and glucose (depletion) at the 0.5% level. Table 5 depicts fungal growth and viral replication with urea as a nonprotein N source. In general, similar profiles were obtained as for ammonium succinate, that is, minimal growth at 0.5% glucose and continued virus synthesis after glucose depletion. The most noticeable difference observed with urea rather than ammonium succinate as the N source was the basic pH at the 0.5% and 2.0% glucose levels. At pH 8 and 9, a minimal general autolysis was observed microscopically. Electrophoretograms indicated an enhanced level of the PsV-S virus at these higher pH levels. Biomass yields and PsV-F levels were comparable with urea-N to ammonium succinate. Table 6 depicts fungal growth and viral replication with casein hydrolyzate (CH) as a protein N source. At 0.5% glucose and 1% casein hydrolyzate (l mg N/ml), P. stoloniferum developed in the following fashion: the pH rose to 8.0 or above in 3 to 5 days with a concomitant 30% decrease in biomass and 50% release of the Ps V-F particles into the medium. Similar profiles were obtained with 0.5% glucose and 3% CH (3 mg N/ml). Fungal growth and PsV-F production were three times greater, respectively, at 2.0% glucose and 1% CH, with a 1.5-fold increase in dry weight after 5 days. However, continued incubation of the mycelia to 7 days showed increased pH, 15% decrease in biomass, and about 50% release of the PsV-F virions into the medium. At 3% CH. similar profiles were exhibited at pH 7.9 after 7 days or just prior to a general, apparently pH-induced autolysis of the mycelia and viral release.
As expected from previous observations, P. stoloniferum develops normally at high glucose 00%) levels plus casein hydrolyzate.
After 7 days' development, this fermentation has an acid pH (3.1-3.3), no evidence of general autolysis (continued growth), and no release ofPsV-F into the medium.
pH-Induced Autolysis and Virus Release from
Mycelium Preliminary experiments with P. stoloniferum indicated that fungal growth, metabolic activity, and virus replication were strongly influenced by the levels and ratios of carbon-nitrogen in the medium. Additional experiments were conducted to confirm that the autolysis phenomenon is pHinduced, not viral-induced. Experiments were conducted with our virus-production medium, YES, at various sucrose levels, and with a virusfree P. stoloniferum strain NRRL 589 and viruscontaining NRRL 5267 strain.
Growth of the P. stoloniferum NRRL 5267 strain for 6 days in 5% yeast extract plus 2 and 15% sucrose is depicted in Fig. 1 . At high C and N levels, fungal biomass and PsV-F synthesis paralleled each other accompanied by acid production. At 2% sucrose, the rates of fungal development and virus production were concomitant up to 72 h. After 72 h, (.6.-.6.) . and pH (0-0). Using 5% yeast extract -2% sucrose: biomass (g) (0 --0). PsV-F (A 160 units) (.6. --.6.) . and pH (0 --0) . the pH continued to rise above 8 accompanied by a progressive decrease in biomass and release of PsV-F into the medium. After 144 h development of biomass decreased 50%, and 92% of the PsV-F virus assayed at 72 h had been released into the medium. After 72 h,.a gradual increase in pH from 7.6 to 8.4 paralleled the general cell autolysis and virus release profiles. The P. stoloniferum virusfree strain (not shown) exhibited identical growth, pH, and autolysis profiles at the two different sucrose levels, which lends further support to a pHinduced autolysis.
Effect ofpH upon Replication ofPsV-F and PsV-S
In addition to pH-induced autolysis, virus release was associated with C exhaustion in the media (Fig. 1) . The profiles of the two viruses in P. recently proposed a model for the replication of fungal viruses quite different from other dsRNA viruses of animals and plants (Wood 1973) . This model suggests that these viruses replicate by doubling, which may be particularly suited to these viruses because they remain intracellular. DeMarini and co-workers (1977) have shown with in vivo replication studies of P. stoloniferum viruses that, under prescribed growth conditions, the amount of virus produced by a particular fungal strain remains fairly constant. This constancy would give credence to the model that suggests that the amount of virus could depend on the quantity of virus initially introduced; thus once fixed, this amount would be unchanged if virus and cell doubling times were similar.
Our data show strongly that virus replication parallels biomass increase at least throughout primary vegetative growth. Virus proliferation in P. stoloniferum mycelia continues during the stationary phase of growth at the expense of endogenous host-reserve materials (Detroy 1976; Detroy and Still 1975; Still et al. 1975) .
The P. stoloniferllm NRRL 5267 growth rate parallels Ps V-F levels in a yeast extract -sucrose (YES) medium which provides optimum growth conditions for this organism (maximum biomass yield). The in vivo virus replication studies for both Ps V-F and Ps V-S during primary growth phase indicate that the host growth rate is a controlling force in the replication of the viruses. Previous published results show that viral dsRNA and PsV-F synthesis parallel host protein and RNA synthesis during vegetative growth phase.
The C-N ratio experiments also show that limiting the energy source not only hinders host proliferation but also reduces total virus production correspondingly.
A general autolysis of P. stoloniferllm cells was repoI1ed earlier by Banks and co-workers (1968) in 400-t stirred fermentors in the production of the stalolon. A corn steep liquor was used with 2% glucose which yielded maximum biomass at 2 days with virus particles wholly within the mycelium. The virus was gradually released into the culture medium at later stages by progressive lysis of the mycelium and the filtrate was assayed for interferon induction in mice. This type of phenomena described previously by these British workers appears to be analogous to our C-N data on pHinduced autolysis and virus release. This fungal autolysis is probably the result of the pH-mediated production of alkaline proteases, cell wall lytic enzymes, and cell death due to excess N utilization in absence of a source of energy. Figure 2 depicts a typical electrophoretogram of the two viruses in fungal tissue at various periods of time and pH. As represented on the electrophoretograms at 84 h, pH 8 (prior to autolysis), the PsV-F was the preponderant viral species in the fungal tissue. However, at 108 h, pH 8.2, autolysis was 50% with relative increase in the PsV-S peak. Continued incubation of P. stoloniferllm cells under autolysis conditions at 132 and 156 h, respectively, Fig. 2 (c and d) , shows a dramatic increase in the size of the PsV-S peak. Analysis of the spent media indicated that 50-60% of the total PsV-F was released. Initial results indicate that PsV-S under autolysis conditions continues to proliferate and is released into the medium in the same manner as Ps V-F. Discussion Double-stranded RNA mycoviruses are quite unusual in that they replicate in parallel with their hosts, and only under special circumstances are they released from host cells (Banks et al. 1968) , being transmitted from one host generation to another by the process of conidiation (DeMarini et al. 1977) . The association of a RNA-dependent RNA polymerase activity with mycovirus particles has been established in three species: P. Chl}'sogenllm Lemke and Nash 1974; Lemke 1976; Nash et al. 1973) ; P. stoloniferllm (Buck 1975; Buck and Ratti 1975; Chater and Morgan 1974) ; and Aspergilllls!oetidlis . Results from these experiments have provided confirmatory evidence for the viral nature of these particles, indicating dsRNA replication analogous to that of other dsRNA viruses (Wood 1973 ). Buck and Ratti (1975) have
The increased levels of PsV-S at the basic pH environment may be due to an enhanced RNAdependent RNA polymerase activity for this virus at high pH and (or) greater stabilization of this virus. Depending upon RNA specificity and protein interactions, there may be varying rates of replication and maturation times for the two viruses. Buck (1975) reported on the production of large quantities of PsV-S with active RNA polymerases in the aforementioned corn steep liquor medium. Therefore, fungal cells exhausted on their glucose supply may, in the utilization of N compounds to survive, produce the necessary components to favor a particular virus replication and the environment to stabilize the mature particles.
